veal Jupiter-like planets in wide orbits, can enable detailed characterization of planetary atmospheres, and is a key step towards imaging Earth-like planets.
During the past decade various planet detection techniques -precision radial velocities, transits, and microlensing -have been used to detect a diverse population of exoplanets. However, these methods have two limitations. First, the existence of a planet is inferred through its influence on the star about which it orbits; the planet is not directly discerned [photometric signals from some of the closest-in giant planets have been detected by careful analysis of the variations in the integrated brightness of the system as the planet orbits its star [1] ]. Second, these techniques are limited to small (transits) to moderate (precision radial velocity and microlensing) planet-star separation. The effective sensitivities of the latter two techniques diminish rapidly at semi-major axes beyond about 5 AU. Direct observations allow discovery of planets in wider orbits and allow the spectroscopic and photometric characterization of their complex atmospheres to derive their physical characteristics.
There is indirect evidence for planets in orbits beyond 5 AU from their star. Some images of dusty debris disks orbiting main-sequence stars (the Vega phenomenon) show spatial structure on a scale of tens to hundreds of astronomical units [2] . The most likely explanation of such structure is gravitational perturbations by planets with semi-major axes comparable to the radius of the dusty disks and rings [see references in [3] ].
The only technique currently available to detect planets with semi-major axes greater than about 5 AU in a reasonable amount of time is infrared imaging of young, nearby stars. The de-tected near-infrared radiation is escaped internal heat energy from the recently formed planets.
During the past decade, hundreds of young stars with ages ≤ 100 Ma have been identified within ∼100 pc of Earth [4, 5] , and many of these have been imaged in the near-IR with ground-based adaptive optics (AO) systems and with the Hubble Space Telescope. Direct imaging searches for companions of these stars have detected some objects that are generally considered to be near or above the mass threshold 13.6 M Jup dividing planets from brown dwarfs [see [6] for an example and [7] for a list of known substellar objects orbiting stars], and one planetary mass companion that is orbiting a brown dwarf, not a star [8] . Recently, Lafrenière et al. [9] have detected a candidate planet near a young (5 Ma) star of the Upper Scorpius association, but a proper motion analysis is required to confirm that it is bound to the host star and not an unrelated low-mass member of the young association. In this issue, Kalas et al. report the detection, in visible light, of a candidate planetary mass companion near the inner edge of the Fomalhaut debris disk [10] . Non-detections of the candidate companion at near-IR wavelengths suggest that the detected visible flux may be primarily host-star light scattering off circumplanetary dust rather than photons from the underlying object. A statistical Bayesian analysis of a dedicated AO survey of nearby young F-, G-and K-type stars shows that exoplanets are relatively rare at separations > 20 AU around stars with masses similar to the Sun [11] .
Bright A-type stars have been mostly neglected in imaging surveys since the higher stellar luminosity offers a less favorable planet-to-star contrast. However, main sequence A-type stars do have some advantages. The higher-mass A stars can retain heavier and more extended disks and thus might form massive planets at wide separations, making their planets easier to detect. Millimeter interferometric continuum observations of the nearest Herbig Ae stars, the precursors to A-type stars, indicate that these are encircled by disks with masses up to several times the Minimum Mass Solar Nebula [12] , the minimum amount of solar abundance material (0.01M Sun ) required to form all planets in the Solar System [13] . Associated millimeter line observations resolve these gas disks and indicate that their outer radii are 85-450 AU [12] . The most exceptional example of a young A-star disk is the one orbiting IRAS 18059-3211, which is estimated to have a mass of 90 times the Minimum Mass Solar Nebula and an outer radius extending to ∼3,000 AU [14] . Radial velocity surveys of evolved A stars do seem to confirm these hypotheses by showing a trend of a higher frequency of planets at wider separations [15] .
In this article, we describe the detection of three faint objects at 0.63 ′′ , 0.95 ′′ and 1.73 ′′ (24, 38 and 68 AU projected separation, see Fig. 1 ) from the dusty and young A-type main sequence star HR 8799, show that all objects are co-moving with HR 8799, and describe their orbital motion and physical characteristics.
HR 8799 Stellar Properties
HR 8799 (also V342 Peg & HIP114189, located 39.4 pc [16] from Earth) is the only star known that has simultaneously been classified as γ Doradus (variable), λ Bootis (metal-poor Population I A-type star) and Vega-like (far-IR excess emission from circumstellar dust) [17, 18] . A fit to the Infrared Astronomical Satellite (IRAS) and Infrared Space Observatory (ISO) photometry
indicates that it has a dominant dust disk with temperature of 50 K [3, 19] . Such blackbody grains, in an optically thin disk, would reside ∼75 AU (∼ 2 ′′ ) from HR 8799. This would place the dust just outside the orbit of the most distant companion seen in our images (see Fig. 1 ), similar to the way the Kuiper Belt is confined by Neptune in our Solar system.
The fractional IR luminosity (L IR /L bol = 2.3X10 −4 ) [20, 19] is too bright to come from a geometrically thin, flat disk orbiting at such large distances from HR 8799. Such an optically thin disk would need to be warped or puffed up in the vertical direction, plausibly by the gravitational influence of nearby planets. Submillimeter photometry indicates a dust mass of 0.1
Earth masses [21] , making it one of the most massive debris disks detected by IRAS [19] .
When planets form, gravitational potential energy is released and turned into heat in their The λ Boo stars are generally thought to be young, up to a few 100 Ma [26] . The γ Dor class stars are probably also young; they are seen in the Pleiades and in NGC 2516 (age ∼100 Ma),
but not in the Hyades (age ∼650 Ma) [27] .
Finally, the probability that a star has a massive debris disk like HR 8799 declines with age [19] . Considering all of the above, we arrive at an estimate of 60 Ma and a range between [30, 160] Ma, consistent with an earlier independent estimate of 20 − 150 Ma [20] . The conservative age upper limit for HR 8799 is chosen to be the ∼ 5σ upper limit to the Pleiades age.
Observations
The sensitivity of high-contrast ground-based AO imaging is limited primarily by quasi-static speckle artifacts; at large separations (> 0.5 ′′ ), the main source of speckles is surface errors on the telescope primary mirror and internal optics. To remove this noise, we used angular differential imaging (ADI) in our observations [28, 29] . This technique uses the intrinsic fieldof-view rotation of altitude/azimuth telescopes to decouple exoplanets from optical artifacts.
An ADI sequence is obtained by keeping the telescope pupil fixed on the science camera and 
Astrometric Analysis
Following the initial detection of the companions, we evaluated their positions relative to the star to confirm that they are co-moving with it (possibly including orbital motion) and not unrelated back/foreground objects (see SOM; Table 1, Table S2 , and [17] ]; this is well below average for late-A and early-F type stars [30] . If we assume that it has a semi-major axis of 68 AU, a circular orbit, a pole-on view, and a host stellar mass equal to 1.5 Solar masses, then the orbital period and motion of HR 8799b are ∼450 years and 0.93 AU/year (24 mas/year) respectively, consistent with our measurements.
HR 8799c is also detected, at lower significance, in the 2004 data set. The measurement of its 4 year proper motion confirms that it is bound to the star at the 90 sigma level. Its orbit is also counter-clockwise at 30 ± 2 mas/year (1.18 AU/year). For its semi-major axis of 38 AU, the orbital period is ∼ 190 years and the expected orbital motion is 1.25 AU/year (32 mas/year).
Again, the orbital motion is close to being perpendicular to the line connecting the planet to the primary.
HR 8799d was first detected in the July 2008 data set. The two months of available proper motion measurements are sufficient to confirm that it is bound to the star at the ∼6 sigma level.
The available data is also consistent with a counter-clockwise orbital motion of 42±27 mas/year (1.65 AU/year). For a semi-major axis of 24 AU, the orbital period is 100 years and the expected orbital motion is 1.57 AU/year (40 mas/year).
HR 8799bcd Photometric Analysis
All three companions are intrinsically faint and have red near-IR colors that are comparable to those of substellar-mass objects with low effective temperatures (see Table 1 ). Compared to old field brown dwarfs (objects with masses between planets and stars), all three companions lie at the base of the L dwarf spectral sequence -objects known to be cool and have dusty clouds in their atmospheres (Fig. 3) . Two candidate free-floating Pleiades brown dwarfs, with comparable colors and absolute K-band magnitudes to HR 8799c and d, are consistent with a mass of ∼ 11 M Jup from evolutionary models [31] . If HR 8799 is (as is likely) younger than the Pleiades, the c and d companions would be even less massive . HR 8799b is fainter than all of the known Pleiades substellar members and thus is below 11 M Jup (Fig. 3 ). All three companions stand apart from the older, more massive brown dwarfs in a color-magnitude diagram. The known distance to HR 8799, and photometry for each companion that covers a substantial fraction of the spectral energy distribution (SED), allow for a robust measurement of the bolometric luminosity (L bol ). We fit a variety of synthetic SEDs (generated with the PHOENIX model atmosphere code) to the observed photometry for each companion assuming their atmospheres were either cloud-free, very cloudy, partly cloudy (50% coverage), or radiated like black bodies. This fitting process is equivalent to simultaneously determining bolometric corrections for each band-pass for various model assumptions. Luminosities were also obtained using the K-band bolometric corrections for brown dwarfs [32] . Although the different models produce different estimates of effective temperature, the range of L bol for each object is small (see Table 1 ), indicating that our estimate is robust against the uncertainty in the details of the atmosphere and clouds (see the SOM for more details).
The cooling of hydrogen-helium brown dwarfs and giant planets is generally well understood; however, the initial conditions associated with the formation of objects from collapsing molecular clouds or core accretion inside a disk are uncertain. Consequently, theoretical cooling tracks of objects at young ages may not be reliable. Recent efforts to establish initial conditions for cooling tracks based on core-accretion models have produced young Jupiter-mass planets substantially fainter (< 10 −5 L Sun ) than predicted by traditional models [33] . However, these hybrid models do not yet include a realistic treatment of the complex radiative transfer within the accretion-shock and thus provide only lower-limits on the luminosity at young ages.
Warmer, more luminous planets originating from core accretion cannot be ruled out.
Although HR 8799 is young, its upper age limit (∼ 160 Ma) is near the time when the differences among cooling tracks with various initial conditions are not so dramatic and, given the uncertainties associated with all planet evolution models, standard cooling tracks are as reliable at these ages as other hybrid models. Fig. 4 compares the measured luminosities and age range for HR 8799 bcd to theoretical hot start cooling tracks for a variety of masses [34] .
The region occupied by all three companions falls below the lowest mass brown dwarf, well inside the planet regime. The masses derived from the luminosities, cooling tracks, and best age for bcd are respectively 7, 10, and 10 M Jup . See table 1 for values of additional important properties derived from the cooling track comparison, with uncertainties based on our current best age range. In the very unlikely event that the star is older than our estimated upper limit, it would need to be > 300 Ma for all three objects to be brown dwarfs.
The large planet masses and orbital radii in the HR 8799 system are challenging to explain in the context of a core accretion scenario. A number of factors such as stellar mass [35] , metallicity [36] , disk surface density [37] , and planet migration in the disk [38] influence the core accretion process. The stellar mass of HR 8799 is larger than the Sun. The star's metallicity is low, especially in refractory elements, but for a λ Boo star this is usually attributed to the details of the stars accretion and atmospheric physics rather than an initial low metallicity for the system [26] .
The exceptionally dusty debris disk around HR 8799 may indicate that the proto-planetary disk was massive and had a high surface density, factors conducive to planet formation. Alternatively, the giant planets in the HR 8799 system may have formed rapidly from a gravitational instability in the early disk [39, 40] . Some models [40] of such instabilities do favor the creation of massive planets (> 6 M Jup ).
As suggested by the color-magnitude diagram (Fig. 3) , each companion appears to be at the edge of (or inside) the transition region from cloudy to cloud-free atmospheres. Current planet atmosphere models have difficulties fitting the color and spectrum features of these objects. The physical mechanism responsible for the clearing of clouds in ultra-cool atmospheres is not fully understood, but recent cloud models with vertical stratification have had some success at simulating/producing photometric properties in this transition region [41] . A modified PHOENIX atmospheric model was developed that incorporates cloud stratification. These updated models were found to match well-known brown dwarfs located in the cloudy/cloud-free transition region. With the cloud stratification model, PHOENIX is capable of producing spectra that are consistent with the observed photometry and the bulk properties (effective temperature, radius, and gravity) predicted by the cooling tracks (Fig. 5 ). Clearly these synthetic models do not reproduce all of the photometric data, but given the difficulty of cloud modeling, the agreement is sufficient to support the effective temperatures and radii determined from the cooling tracks.
Conclusions
The three co-moving companions of HR 8799 are significantly different from known field objects of similar effective temperature; the only similar object known is the planetary mass companion to the brown dwarf 2M1207. Low luminosities of these companions and the young age for HR 8799 indicate that they have planetary masses and are not brown dwarfs. The nature of the system provides an additional indirect line of evidence for planetary-mass companions (and hence a low age). There are no known systems where multiple brown dwarfs independently orbit an early-type star; the only systems we know of with multiple companions in independent orbits are the exoplanetary systems discovered from the precision radial velocity method. Interestingly, our observations show that the HR 8799 planets orbit in the same direction, similar to the planets in our own solar system and consistent with models of planet formation in a disk. In many ways this resembles a scaled-up version of our solar system. HR 8799 has a luminosity of 4.9 L Sun , so the radius corresponding to a given equilibrium temperature is 2.2 times larger than the corresponding radius in our solar system. Because formation processes will be affected by luminosity -e.g. the location of the snow line where water can condense on rocky material to potentially form giant planet cores -one can view the three planetary companions as having temperature-equivalent projected orbital separations of 11, 17 and 31 AU, to be compared with 9.5, 19, and 30 AU for Saturn, Uranus, and Neptune. The HR 8799 planets are also consistent with formation through instabilities in a massive protoplanetary disk, which may form objects with masses above 5 M Jup [40] , but the core accretion scenario cannot yet be ruled out. [34] . The three coeval points are HR 8799b (square), c (diamond), and d (circle); c and d data points are displaced horizontally for clarity. The locations of the low mass object AB Pic b on the planet/brown dwarf dividing line and a planetary mass companion (2M1207b) to the brown dwarf 2M1207 are also shown (note that alternative models proposed for 2M1207 lead to somewhat larger luminosity and mass (∼8 M Jup ) for the companion [42] ). The deuterium burning mass limit, currently believed to be ∼13.6 M Jup , has been incorporated into a "working definition" of a planet by the International Astronomical Union and is used here to separate planets (which also must orbit a star) from brown dwarfs. The boundary between stars and brown dwarfs is set by stable hydrogen burning. The data reduction for all ADI sequences are performed using a custom IDL script following a standard reduction technique (S5). A shutter-closed dark image having the same observing parameters is first subtracted to remove the detector electronic bias and the image is divided by a flat field (produced by uniform illumination) to normalize the spatial variations in sensitivity.
For the longer-wavelength K', Ks and L' images, we subtract a blank-sky image to remove thermal backgrounds. Deviant pixels are then removed by interpolating adjacent pixels and image distortions are corrected (for Gemini, the IDL observatory script is used, while for Keck the IDL script nirc2warp.pro is applied). We coarsely register the images using the unsaturated data and a cross-correlation technique is used for fine registration of all the saturated/occulted images to sub-pixel accuracy. A 21 × 21 pixel unsharp mask filter is then applied to remove the low-spatial frequency noise (this filter is applied to both the unsaturated and saturated data).
The improved ADI LOCI data reduction scheme (S6) is used for each individual image to select a set of reference images in which the stellar PSF is sufficiently similar but the field-of-view has rotated enough to not attenuate the companions. After subtracting the reference from each frame we de-rotate and average the frames to produce the final combined image. given here. If the Keck astrometry is compared to that from other telescopes, those uncertain-ties would need to be included. Table S2 summarizes HR 8799bcd astrometry for all acquired data sets.
Accurate exoplanet photometry is essential to derive the companions' basic physical characteristics. Due again to higher SNRs and the fact that d is detected at almost all wavelenghs, the Keck data is preferred for the photometry analysis. For J-, Ks-and L'-band, we have chosen the coronagraphic data over the earlier saturated PSF sequences due to the better photometric calibration that it provides. The exoplanets' fluxes are derived after convolving the combined ADIreduced images by a circular aperture having a diameter equal to the wavelength-dependent full-width-at-half-maximum of the telescope diffraction limit. The relative star-to-planet relative intensity is obtained by taking the ratio of the peak fluxes (after aperture convolution) of the average unsaturated stellar images to the planetary fluxes. For coronagraphic long exposure data, the relative planet-star photometry is obtained from the unsaturated PSF core detected through the partially transmissive focal plane mask. The coronagraph throughput has been calibrated using unsaturated unocculted images. The ADI processing does somewhat attenuate the fluxes from the companions. The stellar PSF obtained from the unsaturated data was used to introduce artificial sources into the raw images at various separations, position angles and at intensities similar to the ones of the detected exoplanets. These artificial images were processed using the same pipeline to calibrate the ADI algorithm throughput as a function of position (the Fig. 1 detection image has been renormalized to show a throughput of 1 at all separations). Individual magnitudes for each companion were derived by calculating the relative intensity (for each bandpass) of the planets compared to that of the host star. The star infrared magnitudes were taken from 2MASS and its L' magnitude was derived from S8. The derived photometry (absolute magnitudes) at all epochs and wavelengths can be found in Table 1 . Photometric errors are estimated from several sources. First, the variations in peak intensity of successive images of the unsaturated PSF (typically ∼ 5%). Second, the speckle and photon noise in the scattered starlight halo, estimated from image statistics at the separation of each companions (data set and separation dependent, from 1% to 43%). Third, the ADI-induced photometric error from possible registration offsets from the exact rotational center of the field of view (∼ 0.5
pixel RMS resulting in a 3% error). Fourth, the residual registration accuracy between images (∼ 0.5 pixels inducing a 3% error) and finally the ADI flux renormalization error (typically ∼ 5%) estimated from the artificial sources. For non-coronagraphic ADI sequences, an additional 15% photometric error is added to account for potential seeing variations during long saturated image sequences (this fluctuation was estimated from coronagraphic data).
Planet Atmosphere Modeling
To determine the luminosity of each planet, synthetic spectra from a variety of planetary atmosphere models were fit to the photometric measurements described above. These models and spectra were generated using the PHOENIX atmosphere code (S9) which includes two methods for describing the impact of cloud formation from solid (and liquid) material that condenses under the assumption of chemical equilibrium. These two cloud models cover the cases of extremely cloudy, with nearly uniform coverage both vertically and horizontally in the atmospheres, and completely cloud-free (S10). It is known from studies of brown dwarfs (which experience similar atmospheric conditions as giant planets) that atmospheres transition from having very cloudy atmospheres to nearly cloud-free atmospheres as they cool (called the L-T transition). Consequently, cloud models that are intermediate between the two extreme cases are required to reproduce the diversity observed in ultra-cool objects. Since the planets orbiting HR 8799 have photometric properties similar to brown dwarfs at or near the L-T transition, neither of the two extreme cloud models are likely to be appropriate. To better describe the planets, an intermediate cloud model similar to that described by S11 was added to PHOENIX. In this case, the clouds are more confined vertically in the atmosphere than in the extreme DUSTY case, where the number density of cloud particles decreases with increasing height. While this cloud model is certainly more realistic than the extreme cloudy assumption, modeling clouds in giant planet atmospheres is very difficult and a wide variety of theoretical attempts are actively being explored and, so far, no clear physical picture has emerged (S12).
The synthetic spectra from these models were convolved with the response curves of each near-IR filter (Fig. 5, lower panel) used for the observations, thereby generating synthetic photometry. A standard Levenberg-Marquardt least-squares minimization procedure was used to fit these synthetic photometry to the real data. As already mentioned in the main article, the best fit temperatures and radii for cloud assumptions were very different, while the luminosities were very similar. This is to be expected since the observations cover a large fraction of the total spectral energy distribution. As a further check on the luminosity, black bodies and semiempirical bolometric corrections were used and resulted in nearly identical values (see Table 1 for the luminosities and uncertainties).
Interestingly, the best fit effective temperatures from the model atmosphere analysis are high (ranging from 1700 to 1400K). Such high effective temperatures would imply either unrealistically small radii (a few tenths the size of Jupiter) or that each planet has its own disk exactly aligned edge-on with our line-of-sight causing several magnitudes of extinction. This later situation is very unlikely since edge-on disks are rare, and the observed orbital motions along with the small projected rotation of the host star suggest that HR 8799 is viewed closer to face-on. The most likely explanation for the unreasonably high effective temperatures implied by the best-fit atmosphere models is missing atmospheric physics (e.g., poor cloud modeling and possibly non-equilibrium chemistry).
Since the theoretical cooling tracks are far less sensitive to the assumptions regarding atmospheric clouds, the masses, effective temperatures, and radii for each planet were obtained from cooling tracks (see Fig. 4 ) rather than the best fit values to the synthetic photometry men-tioned above. However, as a consistency check, synthetic planet spectra were computed using our intermediate cloud model and the parameters determined from the cooling tracks. These synthetic spectra are compared to the observed data in Fig. 5 and while they do not represent a best-fit to the data, they are a reasonably close match and lend confidence to the values implied by the luminosity and cooling track comparison. Some of the discrepancies with these synthetic spectra could be alleviated by including non-equilibrium chemistry which has been shown to impact the strength of CH 4 and CO bands (S13). 
